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Summary
Photosynthesis in orchards were compared between 528 canopy shapes of an apple ‘Fuji’ in which all conditions 
except for the canopy shapes were exactly fixed. This simulation experiments were pursuited using a formula to 
estimate net photosynthetic rates of leaves and a model method．The model method consisted of the three 
dimensional virtual grid and the orchard light environment analyzing system (OLEAS，Yamamoto， 1999). As the 
results，improvement of orchard photosynthesis was found owing to difference of the canopy shape．The order of the 
orchard photosynthesis among the 29 prototypes of canopy shapes was almost similar to that of the light environment 
(Yamamoto，2016)．The same tendency also existed for the other two fruit tree species (Japanese persimmon and 
cherry)．A close relation between daily mean of leaf PPFD (DMPPFD) and daily mean of net photosynthetic rate 
(DMPN) was found，but the relation was like a zonation and was not like one-track．The coefficient of variation of 
DMPN in the 528 canopy shapes was smaller than that of DMPPFD． The light saturation curve of the photosynthesis 
which was different at every hour in the daytime was considered as a cause．The effects of partial deformation 
treatments on photosynthesis in orchards were investigated using the 528 canopy shapes of ‘Fuji’．The order of 
improvement of the orchard photosynthesis among the 14 types of deformation treatments was almost similar to that 
of the light environments (Yamamoto，2017)．
Key words： daily frequency distribution of net photosynthetic rate, leaf PPFD, light environment in orchard, 
























































































































































B Body of revolution
C Body of non-revolution
G Annular continuum of a cross section of foliage
E Helix continuum of a cross section of foliage
Q Annular scatter of an unit foliage (starting angle was same in all stairs)
H Annular scatter of an unit foliage (starting angle was shifted in each stair)
S Annular scatter of unit analogous foliages with disordered inclination angle
V Annular scatter of unit analogous foliages with different size
X Annular scatter of unit analogous foliages with disordered inclination angle 
and different size
F Helix scatter of an unit foliage (starting angle was same in all circuit)
Z Helix scatter of an unit foliage (starting angle was shifted in each circuit)
T Helix scatter of unit analogous foliages with disordered inclination angle
W Helix scatter of unit analogous foliages with different size
Y Helix scatter of unit analogous foliages with disordered inclination angle 
and different size
P Radial scatter of foliages from the canopy center
N Radial scatter of foliages from the canopy bottom
O Disconnected scatter of large foliages
I Top canopy and bottom one were different
J Southern canopy and northern one were different
R Canopy composed of four slender canopies
U Canopy composed of two flat canopies
L Canopy which CACOAS constructed
D Canopy in which each foliage scatters with same distance
K Canopy in which each foliage is randomly distributed
M Special canopy which did not belong to A-L
Table 1. The classifications of canopy shapes as prototype.
Codes Contents
h Contraction of number of leaf blocks in a set area in the grid
k Elimination of  leaf blocks in a central area in the grid 
p Elimination of leaf blocks in a bottom area in the grid 
e Elimination of leaf blocks in a radiate area in the grid 
r Elimination of leaf blocks in a northern area, a southern area or the 
both in the grid
u Elimination of leaf blocks in an oblique downward area in the northern
side, an oblique upper area in the southern side or the both
q Elimination of leaf blocks in several stairs, several rows or the both 
in the grid 
s Elimination of leaf blocks in the lengthwise erea cut off using several 
cross section in the grid 
j Elimination of leaf blocks within simple formed solids with 
regularly-interval distributing in the grid
i Relocation of leaf blocks to delete large agglomerates after
diagnosis of the foliage distribution
b Relocation of leaf blocks to rise proportion of surface leaf blocks after
diagnosis of the foliage distribution
m Relocation of leaf blocks to decrease proportion of light leakage 
to ground after diagnosis of the foliage distribution
g Relocation of leaf blocks to avoid simultaneous being of  
under-population of leaf blocks and the overcrowding after diagnosis 
of the foliage distribution 
x Rotation of whole canopy 
Table 2.  The classification of partial deformations of canopy shapes. 
The elliminated leaf blocks were finally relocated to another 
empty blocks within original canopy as prototype using 
random number in order to keep the total leaf block number.
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Items  　＼Cultivars Fuji Hiratanenashi Napoleon
λ 2.98 2.84 2.85
ν 4.01 3.89 3.33
AR 0.0198 0.0262 0.0365
RS(1) 0.127 0.316 0.164
RS(2) 0.26 0.257 0.247
RS(3) 0.201 0.15 0.097
RS(4) 0.195 0.114 0.277
RS(5) 0.097 0.081 0.048
RS(6) 0.12 0.082 0.167
D1 -0.362 -0.0456 0.0738
D2 0.296 0.606 -0.451
D3 -1.11 2.66 -0.134
D4 2.17 4.11 3.24
D5 0 0 0
D6 0 0 0
Mean leaf area（cm2） 28.45 95.95 56.93
Table 3.  The parameters for OLEAS of the three cultivars, namely, the 
parameters of the Beta distribution function for leaf inclination 
angle (λ and ν), the ratio of total area of longitudinal section of 
stems to total leaf area (AR) , the parameters to esitimate 
extinction coefficient of stems (RS (1)～RS (6)) , the parameters 
to estimate extinction coefficient of derived diffused light 
within disorderd distributed leaves (D1～D6) and the mean 
leaf area. The latitude of the measuring point and the 
declination of the estimation time was 38.75 degree and 20.38 
degree, respectively.
Times Clear day Overcast day
in the Total light Sky light Temp RH VPD Sky light Temp RH VPD
daytime Units μE・m-2・s-1 μE・m-2・s-1 ℃ ％ 104Pa μE・m-2・s-1 ℃ ％ 104Pa
6 166 125 25.0 81 234.0 80 23.6 95 173.0
7 399 257 26.7 72 326.4 274 24.0 92 271.5
8 701 346 28.0 70 574.2 270 25.7 82 439.3
9 1012 417 29.3 58 709.2 365 26.0 78 564.3
10 1405 463 30.8 54 824.1 445 27.4 70 725.8
11 1802 468 31.8 59 827.4 650 29.0 61 754.8
12 1941 447 32.3 58 855.7 725 29.4 57 842.4
13 1802 468 31.6 54 891.0 650 29.1 56 940.5
14 1405 463 31.6 49 912.0 445 29.3 56 932.8
15 1012 417 31.1 54 904.5 365 29.0 57 880.0
16 701 346 30.4 53 885.8 270 28.4 61 846.3
17 399 257 29.8 54 822.9 274 27.4 62 759.5
18 166 125 29.6 57 841.2 80 26.1 62 689.7
Table 4.  The meteorological data, namely, photosynthetic photon flux 
density at horizontal plane on a clear day and on an overcast 
day, air temperature (Temp) , relative humidity (RH) and vapor 
pressure deficit (VPD) at the 13 times in the daytime in the end 
of July.
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Net photosynthetic rate (leaf Pn) PN mgCO2・dm
-2・h-1
Leaf PPFD PPFD μE・m-2・s-1
Air temperature AT ℃
Leaf temperature LT ℃
Number of days from full bloom NDL d
Time difference from noon TDN h
Vapor pressure deficit VPD 104Pa
Soil water potential Ψs MPa
Wind velocity WV ms-1
Daily mean of leaf PPFD on a clear day CDMPPFD μE・m-2・s-1
Daily mean of leaf PPFD on an
     overcast day ODMPPFD μE・m-2・s-1
Daily mean of coefficient of 
     variation of CDMPPFD CDMPPFDCV %
Daily mean of coefficient of 
     variation of ODMPPFD ODMPPFDCV %
Daily mean of leaf Pn on a clear day CDMPN mgCO2・dm
-2・h-1
Daily mean of leaf Pn on an
     overcast day ODMPN mgCO2・dm
-2・h-1
Daily mean of coefficient of 
     variation of CDMPN CDMPNCV %
Daily mean of coefficient of 
     variation of ODMPN ODMPNCV %
Table 5.  The explanatory variables and their units (upper) and the 
abbreviations of the statistic data and their units (lower).
No. of
formulas R2(%) Re F Significance Formulas Cultivars
1 66.86 4.026 54.92 P<0.01 PN=0.6129NDL-0.005976NDL2+0.0000167NDL3+0.2508Ta
　　 -0.8602 (PPFD/1000)3+17.43 (PPFDI/1000)0.5+0.0000003187Ψs3
      -0.01151TDN-73.57 (VPD/10000)-14.2365
Fuji
2 76.00 3.590 110.50 P<0.05 PN=0.096NDL-0.00027NDL2-3.644 (PPFD/1000)2+24.1 (PPFD/1000)0.5
       -0.00043Ψs-0.0000088Ψs2-0.497WV-0.0000522TDN2
       -58.4 (VPD/10000)-3.829
Hiratanenashi
3 73.79 3.906 168.10 P<0.001 PN=20.74 (PPFD/1000)-17.75 (PPFD/1000)2+2.224 (PPFD/1000)3






4 85.48 194.9 2049.00 p<0.00001 PPFD=-67.01AT-0.0270AT3+2.435LT2+1060 Napoleon
Table 6.  Coefficients of variables (R2), residue (Re) and F value (F) from the results of the multiple regression analysis and their formulas to estimate 





























































































































　‘ ふじ ’528 樹冠形の光合成関連データ（CDMPN，
ODMPN，CDMPNCVおよびODMPNCV）について，
Fig. 1.  Relations between CDMPPFD and CDMPN, that between 
ODMPPFD and ODMPN, that between CDMPPFDCV and 
CDMPNCV and that between ODMPPFDCV and ODMPNCV 
in the 528 canopy shapes of ‘Fuji’ trees. The abbreviations refer 
to Table 5.
Fig. 2.  Relations between CDMPPFD and CDMPN (left) and that 
between ODMPPFD and ODMPN (right) of the 528 canopy 
shapes in a Japanese persimmon (Hiratanenashi, upper) and a 
cherry (Napoleon, lower). The abbreviations refer to Table 5.
Cultivars Items CDMPPFD ODMPPFD CDMPN ODMPN
(unit) μE･m-2・s-1 μE･m-2・s-1 mgCO2・dm
-2・h-1 mgCO2・dm
-2・h-1
Fuji MAX 480.4 184.3 12.30 8.70
MIN 266.7 122.5 9.23 7.33
STD 34.8 8.9 0.48 0.19
MEAN 379.5 157.9 10.99 8.23
PLD（%）ｚ 56.3 39.1 27.9 16.7
CV（%） 9.2 5.6 4.4 2.3
Hiratane MAX 470.9 182.7 11.84 7.77
  -nashi MIN 252.2 116.8 7.93 5.85
STD 36.6 9.3 0.63 0.28
MEAN 364.9 152.4 10.15 7.11
PLD（%） 59.9 43.2 38.5 27.1
CV（%） 10.0 6.1 6.2 3.9
Napoleon MAX 474.3 195.7 14.27 10.37
MIN 270.1 128.4 11.25 8.33
STD 34.3 9.8 0.50 0.31
MEAN 371.7 164.4 12.83 9.49
PLD（%） 54.9 40.9 23.6 21.4
CV（%） 9.2 6.0 3.9 3.3
z(MAX－MIN)／MEAN×100
Table 7.  Several statistic data of CDMPPFD, ODMPPFD, CDMPN and 
ODMPN in the 528 canopy shapes of the three cultivars. MAX, 
MIN, STD, MEAN, PLD and CV indicates the maximum 
value, the minimum one, the standard deviation,the average, the 
percent of largest difference and the coefficient of variation, 
respectively. The other abbreviations refer to Table 5.
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39
Proto- Mean of MAX of Mean of MAX of Mean of MIN of Mean of MIN of
types CDMPN CDMPN ODMPN ODMPN CDMPNCV CDMPNCV ODMPNCV ODMPNCV n
Jw 11.86 az 12.02 8.30 abcde 8.52 23.5 a 22.2 32.9 bcd 31.3 8
Aw 11.65 ab 12.30 8.26 bcdef 8.65 25.0 ab 21.8 33.5 d 26.2 29
Dz 11.43 abc 11.82 8.57 a 8.70 25.5 abc 24.8 30.4 ab 28.8 5
Gz 11.34 abc 11.81 8.40 ab 8.48 26.0 abc 24.0 31.8 bc 30.1 19
Kz 11.22 bc 11.41 8.40 ab 8.49 26.8 abc 25.8 30.8 ab 30.5 17
Iz 11.16 c 11.34 8.28 bcdef 8.32 27.3 bcd 26.7 31.7 bc 30.5 15
Hz 11.13 c 11.56 8.31 abcd 8.42 27.6 cd 25.8 31.7 b 30.3 24
Ez 11.10 c 11.58 8.33 abcd 8.41 27.1 bc 24.9 31.5 ab 29.5 20
It 11.09 c 12.18 8.24 bcdef 8.62 28.3 cde 21.7 32.0 bcd 30.9 10
Mz 11.08 c 12.01 8.09 ef 8.51 27.9 cde 23.0 33.2 cd 30.7 30
Rz 11.05 c 11.66 8.38 abc 8.54 27.1 bc 24.9 30.5 ab 28.1 17
Oz 11.05 c 11.71 8.19 def 8.41 28.5 cde 24.8 32.1 bcd 30.9 24
Bt 11.04 c 11.40 8.14 ef 8.49 28.8 cde 25.9 32.8 bcd 30.4 13
Vz 11.03 c 11.66 8.28 bcdef 8.41 27.9 cde 25.2 31.7 b 28.9 24
Uz 11.03 c 11.61 8.18 def 8.31 27.7 cde 25.4 31.3 ab 28.3 10
Sz 10.99 c 11.21 8.33 abcd 8.44 28.0 cde 26.7 30.7 ab 29.5 24
Nz 10.96 c 11.27 8.28 bcdef 8.42 27.8 cde 25.9 30.6 ab 30.3 8
Zz 10.88 c 11.38 8.27 bcdef 8.40 28.7 cde 26.3 31.0 ab 30.1 24
Tz 10.85 c 11.27 8.23 cdef 8.41 28.9 cde 27.0 31.1 ab 30.1 24
Wz 10.85 c 11.38 8.26 bcdef 8.44 28.6 cde 26.7 30.8 ab 29.1 24
Cz 10.85 c 11.36 8.11 ef 8.47 30.0 de 26.6 31.3 ab 28.5 13
Xz 10.83 c 11.33 8.15 ef 8.36 29.3 cde 26.6 31.9 bc 29.6 24
Yz 10.81 c 11.33 8.21 def 8.35 29.0 cde 26.9 31.1 ab 29.2 24
Ct 10.80 c 11.46 8.18 def 8.49 28.3 cde 25.9 31.7 bc 29.7 12
Fz 10.78 c 11.47 8.25 bcdef 8.37 28.6 cde 26.0 30.8 ab 28.2 24
Pz 10.76 c 11.33 8.12 ef 8.39 30.2 de 26.6 32.2 bcd 31.1 9
Qz 10.75 c 11.42 8.29 bcde 8.41 28.4 cde 26.3 30.3 a 28.4 24
Bz 10.70 c 11.38 8.06 f 8.32 30.5 e 25.1 32.2 bcd 30.1 14
Lz 9.85 d 10.27 7.69 g 8.02 35.9 f 31.2 33.8 d 30.9 15
z Different letters indicates significance at 5% level by Tukey's multiple range test.
Table 8.  The mean of CDMPN, the mean of ODMPN, the mean of CDMPNCV, and the mean of ODMPNCV in each prototype of canopy shape and 
the comparison of these means between the 29 prototypes. The maximum value (MAX) of CDMPN and ODMPN and the minimum value 






















































Fig. 3.  Comparisons of CDMPNs (left) between the simulation without 
random errors (REs) in the atomospher condition and that with 
the random errors and that of ODMPNs (right). The abbreviations 
refer to Table 5.
Fig. 4.  Relationships between photosynthetic data before the m-type 
of partial deformation and that after. The slant lines indicate 
1:1 relations. The suffix “b” and “a” shows the value before 
the partial deformation and that after, respectively. The 
abbreviations refer to Table 5.
Fig. 5.  Relationships between CDMPNb and CDMPNa (left) and 
relationships between ODMPNb and ODMPNa (right) of the 
partial deformations of h-type (upper), k-type (middle) and 






















Fig. 6.  Relationships between CDMPNb and CDMPNa (left) and 
relationships between ODMPNb and ODMPNa (right) of the 
partial deformations of b-type (upper), r-type (middle) and 
u-type (lower). The abbreviations refer to Fig. 4.
Fig. 7.  Relationships between CDMPNb and CDMPNa (left) and 
relationships between ODMPNb and ODMPNa (right) of the 
partial deformations of x-type (upper), e-type (middle) and 






















































Fig. 8.  Relationships between CDMPNb and CDMPNa (left) and 
relationships between ODMPNb and ODMPNa (right) of the 
partial deformations of j-type (upper), p-type (middle) and 
q-type (lower). The abbreviations refer to Fig. 4.
Fig. 9.  Relationships between CDMPNb and CDMPNa (left) and 
relationships between ODMPNb and ODMPNa (right) of the 
partial deformations of s-type. The abbreviations refer to Fig. 4.


























h 1.023 az 1.227 1.012 b 1.149 0.962 a 0.641 0.999 f 0.786 4560
k 1.020 b 1.212 1.014 a 1.151 0.961 a 0.642 0.995 d 0.787 2687
m 1.017 c 1.170 1.007 d 1.087 0.976 b 0.791 1.007 h 0.861 5280
g 1.011 d 1.124 1.011 c 1.079 0.975 b 0.796 0.987 a 0.908 4561
b 1.009 de 1.118 1.008 d 1.069 0.986 c 0.828 0.988 ab 0.889 528
r 1.008 e 1.112 1.000 f 1.061 0.999 ef 0.819 1.011 i 0.897 2690
u 1.006 e 1.108 0.994 g 1.093 0.998 e 0.725 1.008 h 0.812 2736
e 1.003 f 1.106 1.002 e 1.042 0.993 d 0.854 1.001 g 0.944 4560
x 1.002 fg 1.110 1.002 e 1.110 1.002 g 0.843 0.991 b 0.812 8332
i 1.001 g 1.101 1.002 e 1.040 0.996 e 0.861 0.998 ef 0.928 3337
j 0.999 h 1.101 1.001 e 1.044 1.002 fg 0.852 0.998 ef 0.939 2243
p 0.999 h 1.101 1.001 e 1.042 0.999 ef 0.852 0.997 de 0.916 2327
q 0.996 i 1.102 1.001 e 1.045 1.008 h 0.858 0.997 de 0.912 3450
s 0.992 j 1.098 0.999 f 1.050 1.012 i 0.841 0.993 c 0.902 5087
zDifferent letters indicates significance at 5% level by Tukey's multiple range test.
Table 9.  The R1 (=CDMPNa／CDMPNb), R2 (=ODMPNa／ODMPNb), 
R3 (=CDMPNCVa／CDMPNCVb) and R4 (=ODMPNCVa 
／ODMPNb) in each type of partial deformation and the 
comparison these ratios between the 14 types of partial 
deformations. The MEAN s of R1 and R2 were separated in the 
descending order, and the MEANs of R3 and R4 were separated 
in the ascending order. The types of the partial deformations 
were arranged in the descending order of the MEAN of R1 in 





























































































































































































































































































































































































































































































































































































Hours 6 7 8 9 10 11 12 13 14 15 16 17 18
CHMPPFD
Ｌ05ｚ01 54 ez 118 d 210 d 306 d 418 d 552 e 603 d 555 e 424 d 310 d 208 d 119 d 54 e
Ｖ44ｚ01 68 d 148 c 254 c 395 c 555 c 723 d 804 c 720 d 546 c 395 c 250 c 147 c 67 d
Ｊ03ｗ01 76 a 167 a 277 a 443 a 645 a 869 a 970 a 876 a 648 a 448 a 274 a 167 a 76 a
Ｌ05ｚ01ｈ01 69 c 150 c 255 c 392 c 559 c 745 c 822 c 747 c 555 c 393 c 254 c 149 c 69 c
Ｖ44ｚ01ｕ03 68 cd 148 c 254 c 392 c 550 c 718 d 810 c 729 cd 549 c 385 c 248 c 147 c 68 cd
J03w01q02 73 b 159 b 268 b 421 b 603 b 808 b 888 b 818 b 607 b 426 b 264 b 158 b 73 b
OHMPPFD
Ｌ05ｚ01 32 d 103 d 127 e 121 d 148 c 213 d 233 d 212 c 146 d 119 d 128 d 103 e 33 e
Ｖ44ｚ01 41 c 133 c 164 cd 144 ab 172 ab 251 ab 270 abc 253 a 173 ab 146 a 164 c 133 d 41 d
Ｊ03ｗ01 46 a 152 a 182 a 142 bc 168 b 241 c 262 c 240 b 167 c 140 bc 184 a 153 a 47 a
Ｌ05ｚ01ｈ01 41 c 134 c 167 bc 148 a 176 a 253 a 273 a 253 a 176 a 147 a 167 c 136 c 42 c
Ｖ44ｚ01ｕ03 41 c 133 c 162 d 143 bc 169 b 246 abc 262 bc 246 ab 169 bc 143 ab 164 c 133 cd 42 cd
J03w01q02 44 b 143 b 171 b 140 c 168 b 245 bc 270 ab 243 b 168 c 139 c 175 b 144 b 45 b
CHMPN
Ｌ05ｚ01 5.9 e 8.1 d 9.2 d 10.6 d 12.0 d 13.6 e 14.4 d 13.4 e 11.7 d 10.0 e 7.9 d 5.9 d 3.1 d
Ｖ44ｚ01 6.5 cd 9.0 c 10.3 c 12.2 c 14.1 c 15.8 cd 16.8 c 15.5 d 13.6 c 11.5 c 9.0 c 6.8 c 3.7 c
Ｊ03ｗ01 6.9 a 9.5 a 10.7 a 13.0 a 15.2 a 17.3 a 18.4 a 17.1 a 14.9 a 12.3 a 9.5 a 7.3 a 4.1 a
Ｌ05ｚ01ｈ01 6.6 c 9.0 c 10.3 c 12.2 c 14.1 c 15.9 c 16.9 c 15.7 c 13.7 c 11.5 cd 9.0 c 6.8 c 3.7 c
Ｖ44ｚ01ｕ03 6.5 d 9.0 c 10.2 c 12.2 c 14.0 c 15.7 d 16.8 c 15.5 d 13.6 c 11.3 d 8.9 c 6.8 c 3.7 c
J03w01q02 6.7 b 9.3 b 10.5 b 12.6 b 14.7 b 16.7 b 17.6 b 16.5 b 14.3 b 12.0 b 9.3 b 7.1 b 3.9 b
OHMPN
Ｌ05ｚ01 4.9 d 7.5 d 8.0 e 8.2 d 8.6 d 10.5 c 11.2 b 9.8 c 7.9 d 6.9 c 6.6 d 5.8 d 3.1 e
Ｖ44ｚ01 5.4 c 8.4 c 9.0 cd 8.8 ab 9.1 ab 11.1 a 11.7 a 10.5 a 8.5 ab 7.6 a 7.5 c 6.7 c 3.6 d
Ｊ03ｗ01 5.6 a 9.0 a 9.4 a 8.5 c 8.8 cd 10.6 c 11.2 b 9.9 c 8.1 cd 7.2 b 8.0 a 7.3 a 3.9 a
Ｌ05ｚ01ｈ01 5.4 c 8.5 c 9.1 bc 8.9 a 9.2 a 11.1 a 11.7 a 10.4 a 8.5 a 7.6 a 7.6 c 6.8 c 3.6 c
Ｖ44ｚ01ｕ03 5.4 c 8.4 c 9.0 d 8.7 b 9.0 b 11.0 a 11.5 a 10.3 a 8.4 b 7.5 a 7.5 c 6.7 c 3.6 cd
J03w01q02 5.5 b 8.7 b 9.1 b 8.5 c 8.9 c 10.8 b 11.6 a 10.1 b 8.2 c 7.2 b 7.7 b 7.0 b 3.8 b
zDifferent letters indicates significance at 5% level by Tukey's multiple range test.
Table 11.  Hourly means of the light environmental data (CHMPPFD and OHMPPFD) and that of the photosynthetic data (CHMPN and OHMPN) of 
the six canopy shapes. The units refer to Table 10. The abbreviations refer to Table 5. n=9840.
45
45樹冠形の違いと果樹園光合成  ─  山本
Fig. 11.  Daily frequency distribution of leaf PPFD (left) and that of leaf Pn (right) of the six canopy shapes on a clear day.
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Fig. 13.  Relations between leaf PPFDs and leaf Pns of 300 leaves 
chosen randomly at several times on a clear day.
Fig. 14.  Relations between leaf PPFDs and leaf Pns of 300 leaves 
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